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Presideiit-M. H. JUTPE, D.M.R.E. [June 19, 1942] DISCUSSION ON THE EFFECTS OF OCCUPATIONAL EXPOSURE TO X-RAYS AND RADIOACTIVE SUBSTANCES Dr. John R. Nuttall (abridged) : The development of the use of N-rays and radioactive substances in industry and medicine was accompanied by tragic loss of health and of life. As a result of much careful investigation the International Protection Committee has improved working conditions in the medical field so that workers to-day enjoy a high degree of safetv.
UJnfortunately, since the ouitbreak of the present war, evidence has been accumulating that the stage is set for a re-enactment of the tragedies of the pioneer period. X-ray apparatus and luminous paint are again being used in industry. In medical practice there has been wide distribution of portable X-ray diagnostic plants and radiotherapy is being done in small temporary units where the staff is continuously too near the sources of radiation. We should therefore review our knowledge of the dangers, and should consider the means of combating them.
Serious upset of health may arise from the local effects of radiation upon the skin and upon the blood, and also from the ingestion of radioactive substances into the alimentary tract, the inspiration of radon, and damage to the reproductive organs. By far the most important are the blood changes.
Ingestion is unlikely in hospital work because radium there is in sealed containers. It may occur, however, if instruments contaminated with radon are introduced into the mouth.
Inspiration of radon does not appear to present a problem in hospital. With reasonable care there is no danger of sterility. Menstruation is unaffected. Probablv radiation work should be avoided in early pregnancy. On cessation of exposure early reactions of the skin recover but late skin effects remain and may lead to epithelioma. I should like to mention an observation I have not seen described the clriouis phenomenon of acute radiation tiredness. Briefly, after a day's work, normal in ordinarv phvsical and mental effort but during which there has been comparatively large exposure to radiation, the worker complains of undue physical and mental fatigue anld irritability. The development of unexpected fatigue is considered in the Manchester Radiuim Institute to indicate that too much radiation has been received and to call for investigation of exposure. Mv impression, however, is that it is not constant in all workers, and that it is modified by conditions of temperature and ventilation in the work-rooms. D. R. Goodfellow has shown that there is only one sign of early over-exposure which is common to all individuals. This is an absolute and progressive leukopenia due to neutropenia, which, if unchecked, will reach a dangerously low level. Individuals vary in their susceptibility to radiation, the more sensitive ones exhibiting absolute lymphocytosis together with absolute neutropenia. In severe cases the curves may intersect.
The old Manchester Radium Institute was small and badly protected, there were several cases of skin damage, and at least one member of the medical staff abandoned radium work with serious blood changes showing the prodromal signs of aplastic aniemia.
The average total W.B.C. count of all workers fell to 4,300 with individual low counts of 3,000. Minor infections were frequent and several workers required leave of absence on account of their blood condition. In 1933 the Institute moved to new quarters in which the protection wvas tested and found to be efficient. Within six months the average total W.B.C. count had riseni to 5,500. A rising number of patients involved more treatments being carried out by each member of the staff, and two years later the average total W.B.C. count was 4,400. Additions to staff and re-organization of duties were followed by a rapid rise to an average W.B.C. count of 6,000. At this level it has remained.
This history is instructive. That lack of protection is followed by serious damage to health is a long-established fact, but that " efficient " protection is not sufficient is perhaps less widely appreciated. The policy of short-term service in radiation work is widelv employed, but is only applicable to semi-technical workers and nursing staff. Rotation of dcuties so that an individtual is exposed to radiation for a few weeks at a time, alternating SEPT.-RAD. I this with some safe duLty, may be applied more widely. Coupled with rotation is the conception of dilution of the exposure by spreading the work amongst a large staff, and it is my impression that rotation and dilution are of just as great importance as distance and lead shields. Whilst considering dilution it is interesting to observe that when each doctor was carrying out an average of six radium treatments involving exposure per week the white cell counts were bad. When additions to staff lowered the average weekly treatments to four and a half the average total W.B.C. count rose to 6,000.
This level of about 6,000 WV.B.C. is important. Although it is lower than the usually accepted normal (and certainly represents an initial drop in individuals after employment) it does seem to be unattended by ill-effects, to be capable of maintenance while anl average amount of wvork is being done and not to be accompanied by susceptibility to minor infections.
Workers in the X-rav therapy department using completely protected tubes operating at 240 kv. and in the diagnostic department have shown no particular blood changes as a result of their employment. Their working hours, andI the protection of the plant conform fully with the Protection Committee's Regulations. It is obvious that modern technical improvements have made it possible for X-ray wvork to be safe for all except the culpably careless. It is diffiLcult to see how further technical developments alone can performr. a simrilar service for radium workers other thall those engaged in beam therapy. There is room for further regulations with regard to the clinical use of radium, taking into account the finding that up to a point there is comparative safetv, but that very little increase in exposure beyond that point is followed by definite leukopenia. In the staffing of new, or enlarged, departments tinder the Cancer Bill the value of dilution must be taken into account if other centres are not to experience the dangers which befell the Manchester Radium Institute during the period of rapid growth following its remnioval to new, and apparently ideal, quarters.
Dr. J. C. Mottram: Mutations produtced by radiation in relationi to mankind. Radiation changes the hereditarv function of cells in two Ways, b)y causing chromosomal aberrations and by producing gene mutations. In considering action on men and wvomen, both these should be taken into account, especially as there is some overlap; for instance, small deletions of chromosomes are difficult to distinguish from gene mutations. Gene mutations were known long before it was discovered bv Muller that X-rays produce mutations. They occur spontaneously, their cause being unknown; further, mutations produced by X-rays do not differ in any way from spontaneous mutations. The vast majority of mutations of radiation were previouslv known. The common spontaneous mutations are commonly produced by radiation, and the uncommon ones rarely. It is indeed a fair statement to make that radiations do no more than greatly increase the incidence of spontaneous mutations.
In the first place, dosage must be considered. Here is seen a linear relationship between ioniizationand mutation percentage. TIhis is quite different fromn most biological effects of radiation. such as erythema where a considerable dose is reqtuired before anv effect is produced. Here the smallest dose will prodLuce a mutation if, by chance, a cluster of ions is released in a gene. This is important; it means that one can only escape this effect by complete protection from radiation. We are really concerned with the lowest part of this chart where there are no readings; it has, however, been established that the linear relation extends down to very small doses; there is some falling off from the linear relation at high doses because some cluisters of ions will wastefully produce two lethal mtutations in the same chromosome.
The chart also shows that there is no wave-length dependence: soft X-rays and ganmma rays are equally efficient. Since the relationship is linear and independent of wave-length, it 'vou ld be expected that there wotuld also be no dependence on intensity. Table I showvs this to be the case. It follows that one cannot escape this effect of radiation by keeping the intensity very low. Therefore persons exposed to radiation will show in their descendants, on an average, more mutations than normal persons; they can keep this effect low by protection, but only by complete protection can they entirely eliminate it.
It has been calculated by Pickhan that if the spontaneous rate were due to radiation, a dose of 10-12 r would be required: the spontaneous rate for the fruit fly has been found to be from 1-3 mutations per 100 ova or sperm. It will probably be a little higher in man as there are more genes at stake, so I am taking the figure 3%.
If 10-12 r represents the spontaneous rate, it is obvious the X-ray photography where the ovary might receive 2 r, is of no importance. In screen examinations, the ovary might get 30 r, which would about double the spontaneous muLtation rate. It will be seen later that this too is of little importance. The dose required to produce temporary sterilization is about 300 r; this would raise the muLtations to 33 per 100 ova or sperm, a limit which, as will be seen, is to be avoided.
Occasionally in treatment the ovaries will receive larger doses, in which case the patient should be warned of the danger to subsequtent children. About 1.000 r causes pcrinanent sterility.
For properly protected radium and X-ray workers the dose is small, 1-2 r per Nveek, but this will accumulate to, say, 100 r per year, and 300 r in three years. The life period of sperm is short and a dangerous dose will not accumulate, but this is not the case for ova where a dose of 300 r in three vears would, in my opinion, be undesirable. Perhaps there is not this difference since sperm-natogonia are long-lived. Lethal mutatioins form about 90% of the spontaneous, and will also forDl 90%O of those due to radiation. They will be either dominant or recessive. If doniiiana, it w\ould only mean, for the person exposed to radiation, that occasionally an embry-wouil(d die in early pregnancy; there would still be plenty of normal ova and sperm to make use of. If recessive, the same would hold for some of the radiated person's desccniuIants; how distant, I shall indicate (see deleterious recessives). Lethal m-utations are therefore of very little importance.
Turning to viable mutationis, it is seen that some are neutral, 5%, a very few ubeful and the vast majoritv, 95o', deleterious. The useful and the neutral do not, of course, concern us. The deleterious mutations are divided into sex-linked 4% and autosomal 96% (i.e. pertaining to all chromosomes other than the sex chromosomes).
The autosomal are again divided into dominant and recessive. Now, from the point of view of a radiated person, these dominant deleterious mutations are important, as they will appear in his children and half the children of an affected child and so on. Likewise the sex-linked mutations will appear in the sons of his daughters, in all, about 4 per 10,000 eggs or sperm for the spontaneous rate; this would be raised to 44 per 10,000 by an exposure of 300 r. I do not think the risk of having one child in 230 bearing a deleterious trait to pass on to descendants should be disregarded from the point of view of the children of radiated persons or of the human race. It is, however, a matter of opinion. The spontaneous rate is 1: 2,700.
As regards recessive deleterious mutations, these are-much more numerous but will not appear in the children of the radiated person, only in his descendants, and only occasionally in his near descendants, should cousins or other near relatives marry. Muller has calculated that in man, the average time before a new recessive gene would meet a like one and thus manifest itself would be from 750-3,000 years. These figures become 5,000 years for a mutated gene to meet another descended from the original mutated gene. I think that these figtures for recessives show that we need not take them into account.
Turning lastlv to the small viable mutations: little is known of these, probably they are very numerous, playing an important part in general health, susceptibility to disease, mental well-being, &c. It is known that all living processes are under the influence of heredity as well as of environment; it may be that further knowledge here will necessitate a reconsideration of radiation from that point of view.
In conclusion, it is my opinion that a few hundred r to ova or sperm is a risk to be avoided from the point of view of producing dominant deleterious mutations. I draw attention to the fact that female radium and X-ray workers can easily accumulate such a dose over a number of vears.
Professor Sidney Russ restricted his remarks to the harmful effects of radioactive substances. It seemed that the chief dangers in handling arose in chemical and technical work; the danger to people using radium in medical work was avoidable by the practical adoption of straightforward rules of safety. But this was a much more difficult matter when one had to deal with the naked salts of radium; here the chemist had occasionally to run risks, glass tubes containing two to three hundred milligrams of mature radium salts had to be opened and the contents put into solution. A meticulous regard to personal safety should be supported by a working policy which forbade such mass operations to be performed at all frequently by the same person.
The technical operations with radi'um were mainlv those in which the radium salt was mixed with a fluorescent substance and used as an illuminating paint. The operatives, known as luminisers, had received special consideration for their safety. An Order (1942) called the Factories (Luminising, " Health and Safety Provisions ") Order had recently come into force. Provided the management at a factory made it their business to see that the excellent provisions for safety in this Order were carried out, there need be little fear of damage to the health of their employees. Even so, in most cases the air in a radioactive laboratory or workshop would contain radon, the occupants would breathe it and during the working day their atmosphere would be a very slightly radioactive one. Some recent measurements proved that an operative under these conditions showed measurable radon in the expired air. Controls upon the workshop air showed less than this amount, and the question arose, whether the radon in the expired air was due to radium in the operative concerned. This was a grave issue, and it showed the need for great care in recommendations about the limits of safety. It might be necessary to suggest one limit for radon in the air and a different limit for the amount of radium in the body wvhich we might have to tolerate-everyone may have sonie, bearing in mind the ubiquitous character of this very rare substance, so this should prevent fantastic limits being put forward.
What was the threshold of safety of radon in the air? Professor Russ quoted two medical opinions which had been expressed about these safetv limits. The first was a recent private communication from the States: " Medical research workers have determined that a tolerance dosage of radium has been received when a breath sample from the exposed person contains 10-11 curie per litre of air." The second was in a paper bv Read and Mottram (Brit. J. Radiol., 1939. I2, 54) : ".
the tolerance concentration (of radon) would seem to be about 1011 curie/c.c." Note that one is a thousandfold the other. One referred to the safety limit of the amount of radium in the body, the other to the concentration of radon that can be safely tolerated in the atmosphere. Professor Russ gave a detailed criticism of the latter, and concluded that for safety it should be recommended that a concentration of radon of 10-10 curie per litre in the air for operatives should not be exceeded.
The " tolerance dosage of radium ' (" quantity " seemed a better word) wvas a difficult matter. If we fotund the stuggested safety limit of radon per litre in the expired air (i.e., 10-10 curie) and we could prove that this radon was due to radium in the body, then what was this quantitv of radium? To deduce this we required to know what percentage of the the radon produced per second bv such radium was to be found in the expired air. Estimations of this percentage inevitably varied. Read gave the figure 50o/ for radium which had been recently ingested. Evans had proved a range decreasing from 400/ to 2% as the time the radium has been in the body increases. If we took Read's figure for the one type of case and 10°o for the other, calculation showed that the quantitv of radium in the body would range from 4 to 80 micrograms. These figtires at once suggested that, if 10-10 curie per litre in the expired air was found by separate tests to be due to the presence of radium in the body, then the operative should be taken off all radioactive work.
If a recommendation were framed in this wav we were not committing ourselves to a radium figure that we had no accurate means of estimating, wNith the adxantage that the same figure, viz. 10-10 curie per litre of expired-air, might serve as a danger signal for an atmosphere of radon and as a muclh more dangerous sign of a deposit of radium in the body.
Additional data were given about the concentrations of raditum and radon occurring in Nature.
Dr. Janet M. Vaughan: The effect of occuzpational exposure to X-rays and radioactive su2bstances upon hzxnopoiesis (Abridged) . First, it is necessary to distinguish between the two substances, since radium is more likely to be dangerous on account of the greater penetrating power of the ravs. Past records are difficult to interpret, because the distinction is rarely made. Secondly, the possible effect of defective hygienic surroundings other than rays must be taken into account. Thirdly, it is essential to have records of the blood-count in workers before they take up X-ray or radium work, as anamia may be due to other causes.
Review of the available evidence suggests that external radiations from X-ray or radiumn are without effect on the red cells or hamoglobin of workers starting with a healthv blood picture (Aubertin, 1912; Pfahler, 1922; Portis, 1925; Lavedan, 1927; MIottram, 1932; Kaplan and Rubenfeld, 1936; Whitby, 1936. See Table I ). It appears also, that provided reasonable precautions are taken, X-ravs and probably external radiation with radium are without effect upon the white cell count, provided the worker has a normal count in the first instance (Pfahler, 1922; Portis, 1925; Lavedan, 1927; Kaplan and Rubenfeld, 1936; Whitby, 1936 ).
Certain workers have described an increase in eosinophils anid sometimes of monocytes, associated with a leucopenia due to a decrease in polymorphs. (Table II. ) Internal radiationi with radioactive substaiices, however, presents a severe industrial hazard and is of particular importance in war time, when the use of instruments with luminous dials is common. Such radioactive substances may be either ingested, as when painters lick their brushes (Martland, 1931; Rajenskv, 1939) , or inhaled in the form of dust or emanation. The former is more common. Radioactive substances are then absorbed from the intestine and deposited to a large extent in the bones, where they continue to emit alpha rays described by Martland (1931) as " the most potent and destructive agent known to science ". The presence of as little as a microgram (Rajensky, 1939) may result in a severe and fatal anamia. This aniemia, with one doubtful exception, is megalocytic and hyperchromic in type (Martland, 1931) . At autopsy, an active regenerating marrow similar to that found in Addisonian perniciolus animia is present. Certain cases have developed fatal symptoms six to eight years after their last exposure. In this late form death is usually due to sarcoma of the bones, but animia may be present and is then of the same megalocytic hyperchromic type. In order to protect workers handling luminizing paint, a new order has just been introduced called the Factories (Luminising, " Health and Safety Provisions") Order.
Deaths from anaemia following inhalation of radioactive substances have been recorded (Martland, 1931) , but are not as common as those following ingestion.
The question of the occurrence of leukaemia in X-ray and radium workers has been much discussed (Nielson, 1932; Rolleston, 1930; Colwell and Russ, 1934; Maingot, Girard and Bousser, 1938; Weitz, 1938) . Both myeloid and lymphatic leukaemia are said to have occurred in X-ray and radium workers as the resuilt of their occupation.. When the large number of such workers is remembered, the evidence that rays were responsible for the blood dyscrasia is not altogether convincing. It has been possible to trace less than twentv such cases with adequate records.
It is therefore concluded: (1) External radiations from X-ray or radium do not represent an occupational hazard to workers starting wvith a normal blood picture provided normal and adequate protective precautions are observed.
(2) Severe and fatal blood dvscrasias may result from handling radioactive suLbstances, the most common being a megalocytic hyperchromic type of an2emia, dependent upon internal radiation by alpha particles following ingestion by mouth. (3) Individual idiosvncrasv is probably of some importance in the development of blood changes, followving exposure to X-ray anid radlioactive substances, as it is with other occupational blood dvscrasias.
